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FOREWORD

The work described in this report was performed by Lockheed
Missiles & Space Company, Huntsville Research & Engineering Center,
for the George C, Marshall Space Flight Center of the National Aero-

nautics and Space Administration under Contract NAS8-21301,

. The work was administered under the direction of the Aero-
s - A gtrodynamics Laboratory, NASA/MSFC, with Mr, Larry Kiefling as

Contracting Officer Representative,

The final report for "Saturn V-Launcher-Umbilical Tower

Vibration Analysis'" consists of two volumes as follows:

Vol I : Response to Ground Wind Excitation

Vol II: A Computer Program for Analysis of the Vibrational
Characteristics of Large Linear Space Frames
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SUMMAR Y

This report describes methods for calculating the vibrational

characteristi{ :.>"d the ground~wind induced response of the Saturn V-

Launcher-Uwsrkilical tower combination, The general features of the
mathematical muodel are discussed and the techniques used to solve eigen-

problems and response problems are described,

A digital program was prepared to irmplement the formulation.
Input to the program consists of concise descriptions of displacement
functions used to characterize vehicle and tower motions, damping co-
efficients, forcing function descriptions, etc, Program output includes

complete solution information with optional SC 4020 plots of the response
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Results (both eigenproblem and response solutions) obtained for

the Saturn 501 configuration are presented.




LMSC/HREC D148844-1

b3

CONTENTS

Section Page
FOREWORD ii
SUMMARY i1l
1 INTRODUCTION 1-1
2 THEORETICAL APPROACH 2-1
2.1 Mathematical Model : 2-1
2.2 Energy Terms 2-4
2.3 Modes and Frequencies 2-1

2.4 Integration Method 2-10

2.5 TUacadig ¥ winlians ~ ‘ AT
3 COMPUTER PROGRAM ' 3-1

3.1 Program Organization 3-1
3.2 Modeling 3-3
3-3
3-1

3.2.1 Vehicle Displacement Functions

3.2.2 Tower Displacement Functions -12
4 RESULTS 4-1
4.1 Fueled Vehicle 4-2

4.2 Unfueled Vehicle 4-12
5 CONCLUSIONS 5-1
6 REFERENCES 6-1

APPENDIX

iv




LMSC/HREC D148844-]

Section 1 -

INTRODUCTION

As illustrated on Fig. 1, the system is modeled as a non-uniform beam,
representing the vehicle, connected by a dashpot system to a structural frame-
work, representing the tower, The dashpot system is located near the top of

the vehicle and acts both in the vehicle~tower plane and normal to it, as shown

on Fig. 2.,

Damper | N

Umbilical
Tower

Vehicle

£

Launcher (rigid)

71T T

Fig, 1 - Structural Model
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Direction-2

“y

Points of
attachment

at damper boom
to tower.

Vehicle
Roll Axis

Fig, 2 - Damper System Configuration
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both the vehicle and the tower are characterized by the coefficients of several
displacement functions, Base flexibilities can be included as integral parts of
the displacement functions and do not appear explicitly as coordinates. The

formulation can easily be extended to include the effects of elastic support of

the launcher itself in order to study the system's dynamics during transport on

the crawler. In the interest of brevity in explaining the methods being used,

however, the launcher motion components are deleted in the following discussions.

After writing the various energy terms associated with the system
components as quadratic forms in the generalized coordinates, Lagrange's
equation is used to obtain a set of linear vibration equations of the usual matrix

form:

Mg + Dg + Kq = Q. (1-1)
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Two classes of problems are then considered: (1) determination of the system
damped modes and frequencies; and (2) calculation of system response to
forcing functions representing ground wind excitation, =The damped modes,
which are discussed in detail in Section 2.3; are quite different from undamped
modes. Accordingly,A the usual approach taken in calculating the transient
response of very lightly damped structures (i.e.,’ expansion in terms of free
vibration modes) is not taken. Instead;‘ Eq. (1-1}) is integrated directly, How-
ex)er, a knowleage of the system damped modes and frequencies is of consider-

able value in solving the response problem, as described in Section 2.4,

A discussion and user instructions-are included for the computer program

developed to implement the theoretical formulation,

Results obtained with the fueled and unfueled configurations of the

Saturn 501 are also included,

o
H
{22
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Section 2
THEORETICAL APPROACH

2.1 MATHEMATICAL MODEL

The vehicle is modeled as a Timoshenko beam, The coordinates
representing its motion in the vehicle-tower plane are gvl ) ng .. . (see

Fig. 3). Motion in the plane containing the vehicle and tower centerlines will
be termed direction-1 motions, Tower motions in direction 1 are represented

s : 1 1
by the coordinates gtl s Eip o Direction~2 motions are normal to

direction 1.

null

% nulll ) f‘. I Il

p—
*

i i i i
/.__ el e fonf — gt
%éw o) }_Jjj&tjc;tjm)
L, Ly

x b4

Direction-i Diruf‘:cti-o—n-i -

Vehicle Motion Tower Motion
Fig, 3 - Coordinates

The i-direction motions of points on the vehicle and tower are, respec-

tively:
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uif (x) = ; f;i,J i,J (x)

and -

w ) = 3 6y Gy (0 (2-1)
j

where x corresponds to the position coordinate of elevation above the launcher,

In the digital program which has been developed to implement this

formulation, displacement functions (the G's) are undamped free vibrational

mode shapes, Vehicle cantilevered modal functions were calculated with the
Lockheed-developed tandem beam digital program described in Ref, 1. Free-

vibration cantilever modes of the tower were calculated using the digital program

described in Volume II of this report for computing the vibrational characteristics

of large undamped linear space frames,

Other coordinates provided for are ® , the coefficient of a tower twist

function; and ¥ , the direction-2 displacement component of the end cf the

dashpot boom relative to the point of attachment of the boom to the tower,

Accordingly, the direction-2 motion of the end of the boom is

thzj ij (x) +¢F (x) + ¥ (2-2)
J

where x corresponds to the level of attachment of the boom to the tower, and

% is the tower twist function (e.g., the first cantilever torsional mode).

It will be convenient to define two generalized coordinate vectors, qy

and q, s follows:
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2
1 gVl
gvl
!
. 2
1 : Zg’cl
q = gtl , and q, = ' . (2-3)
. d
¥

The kinetic and potential energies of the system, which are discussed in more

detail in Section 2,2 may be written, respectively, as:

1 RS . 5
T:E{%Ml%*“zquz]
and
vV = % [ql Kl ql + qz KZ qz} (2-4)
The dissipation function, as discussed in Section 3, is of the form
F = {{1"1‘ D, g, + 4 D, q,]|. (2-5)

For a system of this type, the generalized force associated with a coordinate

0y is equal to

d 8T OF v
: + 5=+ = . 2-6
dt om, on, a1 (2-6)
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Accordingly, from Equations (2-4) and (2-5),

M; q; + Dy a; +K;q =Q, (2-7)
and
M, q, + D, q, +K;q,=0,, (2-8)

which is Eq. (1-1) written in uncoupled form — the first equation for motion

in the vehicle-tower plane, and the second equation for direction-2 motion which

involves twisting of the tower and deformation of the damper boom in addition

to vehicle and tower bending,

2.2 ENERGY TERMS

Quadratic forms from which the elements of the coefficient matrices of

Eq. (2-7) and (2-8) may be identified are discussed below,

The kinetic energy of the vehicle is

2 v 2
b, o8 D [ [ [T8 o]
i=1 © J
: | . . 2
1 s 1 i
+ Py (X)%EJ; t, Hy @ } }dx : (2-9)

where m_ and p g @re, respectively, vehicle mass and effective mass moment
A

of inertia per unit length; and H is the cross-section rotation associated with G.

24
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Where E Iv and G Av are, respectively, vehicle bending and shear

stiffness, the potential energy associated with vehicle dgformation is:

2 . LV . . ‘[ 2
\ Y f {EIVZ§VJ.[HVJ. (x)}]
=1 "o ;
' 2
raa, IS i,j ([Gf,j (x)l ] Hi’j (x)) ]dx (2-10)
J

The prime in the above equation indicates differentiation with respect to the

position coordinate x,

As discussed in Section 2,1 the ‘displacement functions used to represent
vehicle motion are free vibration cantilever and ''fixed-pinned'" mode shapes,
dupstitution oI equations (4-Y) and (4£-1U) 1nto equation (4-b), theretore, indicates
that the diagonal terms of M and K (Equations (2-7) and (2-8)) associated with
the coordinate § i/j are simply the ge‘neralized mass and generalized stiffness,
respectively, of the vehicle function Gi/j‘ Also, from orthogonality relations it
is evident that the off-diagonal terms of M and K that represent coupling between
coordinate functions with identical boundary conditions are zero. Since the
generalized mass and stiffness of each vehicle modal function are standard out-
put of the digital program described in Ref. 1, Eqs. {(2-9) and (2-10) are only
used to compute the off-diagonal terms of M and K representing coupling between

cantilever and "fixed-pinned" coordinate functions.

A complete description of the kinetic and potential energy computations
associated with the coordinates representing tower motion is discussed in detail
for a general framework in Volume II of this report., In the interest cf brevity,
these computations are not discussed here, As in the case of the vehicle, the
diagonal terms of M and K associated with the coordinate €; are the generalized

- . 52 - - 11 e o
mass and stiffness, respectively, of the tower coordinate function ths Since
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orthogonal free vibration cantilever and torsional mode shapes are used to
represent tower motion, the off-diagonal terms of M and K that represent

coupling among the tower coordinates are zero,

Since the launcher is assumed rigid, coupling between the coordinates
representing vehicle motion and the coordinates representing tower motion does
not exist in the kinetic and potential energy matrices, M and K, of Eq. (2-7) and

(2-8).

Using a quasi-static displacement function based on a direction-2 force
applied at the vehicle end of the damper boom,‘ the strain energy in the damper
boom is '15 kb\lf 2, where kb is the boom spring constant associated with ¥, the
direction-2 deformation relative to the tower, as shown on Fig. 4, The boom

is assumed rigid in direction-1. The kinetic energy of the boom may be written
> > T

as a quadratic form in gtl . th s v« ., ®, ¥ , based on the quasi-static
deformation functicn used in caleulating & .
iJ
ﬂ”"ﬂ"

;'
|

Fig. 4 - Damper Boom Deformation Relative to Tower

b

Where x 1is the position coordinate corresponding to the location of the

damper, and ¢ is the damping constant of a2 single dashpot, the dissipation function
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where
1 -1 1 =
Flo= 3ol DoE G
. Vi J
J wd
. 2
-l 1
- x )
Lgtj g }
J -
and

2
R o } . (2-11)

: : 2 . :
Note that the damping matrices D1 and D~ corresponding to the above equations
contain no zero elements. '"Modal damping' terms corresponding to the vehicle

and tower displacement functions may bé added to the above functions.
2.3 MODES AND FREQUENCIES

Although the primary objective of the pfesent study is the determination
of the response of the system to ground-wind induced forces, the free-vibration
characteristics are also of interest. For either the direction-1 or direction-2
problem of Eqgs. (2-7) and (2-8), the free vibration problem is of the following

form (dropping the subscripts for brevity):
Mg + Dg + Kg = 0 (2-12)

Assuming solutions of the form
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the characteristic equation is

(x°M + rD + K)Z = o, (2-14)

A standard Lockheed subprogram (Muller routine) is available for calculating

the roots of Eq. (2-14).
Where a and p are scalars,

r = a + ip, (2-15)

Standard subroutines are also available for calculating solutions to sets
of complex simultaneous linear algebraic equations, Accordingly, once a
particular root, r, has been calculated, the corresponding vector. 7. mav ha=
Cusnputeu ulreCuy 1rom g, (£-14) by prescribing the value of one element of
Z (e.g., z, =1+1i- o)to define a set of n-1 equations in n-1 unknowns (n = order

1
of the system),

It is significant to note that if a particular r and Z constitute a solution
of Eq. (2-14), then their conjugates. r and Z, also together form a solution.
This may be shown, for example, by letting Z =X + 1Y (X and Y real) and
substituting both solutions (first r, Z, then r, Z) into Equation (2-14) and

observing that they yield identical results.

The vector Z may be written as:
id’l

Zle

(2-16)

N
h
S e N
N
LTt o
o
-
S
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Accordingly, using Equations (2-13) and (2-14), the generalized displacement of

the system may be written as

o

x 1 o1pt
i, .
q=a e J Pt (2-17)

where A is an arbitrary constant,

Eq. (2-17) may be re-written as

,’ o !A~ S N T T . * H LI | s" \
g .;L,vb Ay E [N i X DR b VR, kY
t - “ 3
at ..
q=4Ace Zj {cos (pt+¢j) + i sin (pt+¢j)l (2-18)

Since r and Z are also necessarily solutions of Egs. (2-14), we also have the

solution:

1 {cos(»pt~¢1) + i sin(-pt—cﬁl)}

Zj {COS(-pt~(]’)j) + 1 sin(~pt~d§j )

2-9

eyt pErs
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Adding Eqgs. (2-18) and (2-19) yields cntirely real solutions of the form:

ey

z, cos (pt +,¢)l,)

-

.

q = 2Aea’c Z; cos (pt + qSJ. ) (2-20)

*

*

z  ~cos (pt + an)

From the above equation it is apparent that damped modes are quite
different in character from undamped modes, Although all elements of the
generalized coordinate vector "oscillate' at the same frequency, a distinct
phase angle is associated with each element'. Accordingly, for general types
of response problems the pursuit of means of using coefficients of damped

~isenfunctions as generalized coordinates (analogous to the procedure commonly,

used in undamped analysis) does not appear promising.

2.4 INTEGRATION METHOD

Determination of the system response involves integration of matrix

equations of the form
Mg + DG+ Kqg = Q, (2-21)

where Q depends upon the motion of the system. The numerical integration
method described below is one which hasbeen found well-suited for several

similar problems, Matrix series expansions of the vectors g and g in powers

of the time increment A are:

2
. AY L
q(t+a) = gft) + Aq(t) + —— q () +.
X .. A
g(t+ Ay = gty + Ag {t) + f?im q (ty +. . . . .. .{(2-22)
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Equation (2-21) may be re-written as

g = Aq+ Bq+n, - (2-23)

where

1

A=-M1'p, B= -M} K, andn = M ! Q. (2-24)

From Eq. (2-23), higher derivatives of q may be expressed in terms of

q, qandn,

4= AgQ+BGH+N

=A (Aq+ Bq+ 1)+ B+

= (A% + B){ + AB g+ An + 1

M '> - » . .. &
S - YN Fa T e .t Ao ‘ S . .
7 :A ! S NER Y ey Vo v Ay T oAl T

=[(a®+Bya+aB] G+ (A% +B)Bq+ (A% + B)n + AR + 7,
q q

etc. In general,

(n) . ' ) (n-2)
9=Rq+Pg+P | n+P n+....+P" . (2-25)
Since
(nt+1) (n-1)

q = an+Pn(Aq+Bq+n)+Pn_ln+Pn_2r)+. .. +Pln,

The recursion formulae for P and R are

Pn-{— 1

1

PA+R
n n

!
o)

3
us)

R (2-26)
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beginning with

it

Pl =1 (identity matrix)
and Rl = 0 (zero matrix), (2-27)
g Substitution qf Eq. (2-25) into (2~22) yields:
» q(t+a) = alt) + Ado)

N ' :
+ S {quu)+-p2qa)+ plna)]
A3 . .
+ o [R3qﬁ)+-P3qﬁ)+~Pzn(ﬂ-fPHn(Q]
N : : ..
2 t T [R4qﬁ)+ Pga(t) + Pyn(t) + Pyn +}9f7a)}+_ .
qft +A) = ()
+ A [qu(t) + P, a(t) + Pln'(t)}
Az . .
v A lR3qﬁ)+-P3qﬁ)+»P2n(U4-Pln(ﬂ]
A8 : : .
G [Raal® 4 Pyl ¢ Pyn(e) + Py ) ¢ PHM] ...

(2-28)
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.or, for an £-term expansion,

gt + A) Wi Wio q(t)
gt +4) W, w,, 4(t)
Nio Nyp -« Nl, 2-2 ) Q(t)\
+
N2 o Noy oo oo Ny g2 Q)
i - . N
(2-2)
Q(t) (2-29)
where
. I
~ N An - AII
Wll = I+ n' Rn’ WlZ - Z n' Pn’
n=2 n=1
2-1 a | £-1 a0
= A - A
Woy © 2. S Rasr Wy, =1+, S5 P
n=1 n=1
and, for j=0,1,2,. ... £-2,
ﬂ n
T — A *1
1\‘13' - Z o Pnej-1 Mo,
n=jt2
r £-1 a 3
N — “ A P \/fhl 2 30
2 2. E - M (2-30)
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Since the W and N matrices are not functions of time, they need be evaluated
only once (at the beginning of the solution process); provided that a constant

time interval, A, is used. Eq. (2-29) can then be used to calculate the solution
step-by-step in time, One advantage of this method is that it permits economical
use of high-order approximations, which allows relatively long time increments,
That is, unless the higher derivatives of Q become very complicated to evaluate,
the time required to carry out an integration step using a 6th order approximation
(i.e., £=6) is typically only about 50% greater than the time required to effect

one step of a 3rd order approximation (£=3); even less if higher derivatives of

Q become negligibly small, as is frequently the case.

The digital routine developed to implement this method may readily be

| adap‘;ed to other ﬁypes of problems by re-~coding only the part of the program

dealing with the forcing function. A general discussion of convergence, deter-
mination of efficient time increment length, etc., is beyond the scope of the
present discussion; however, in present studies where the system natural fre-

quencies are known from solutions of the damped eigenproblem, suitable ranges

- - .o St 2 . £~ 11 A A [ Tt o T T e R T s e T

Ul LEIE1U 33U U CaiaChie aCaig ten v v Lwaty Lo temmanmo - Il S LT -

expansions (n = 7), typical choices of A are around one eighth of the period associ-

ated with the highest natural frequency of the mathematical model of the system.
2.5 FORCING FUNCTIONS

An approximate method of representing ground wind-induced forcing
functions is outlined below. This method is similiar to the technique used in
Ref. 3. In the following discussion it is assumed that the free-stream velocity
is in either direction 1 or direction 2, and that the wind velocity may vary

with height, Other assumptions are:

Only the vehicle is subject to time-varying loads.

The steady state response of the vehicle will be normal to the free
stream airflow direction and of the form u{x) sin wt, where w is
either equal to or very nearly equal to the frequency of the first
free~vibration mode in the response direction.
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e At cach location along the vehicle the flow field is quasi-tWo dimen-
sional and the lift force per unit length is of the form

p vZs Cy, cos (o t+ a) + F

L sin ot + F

"5 cos wt (2-31)

-

1

as shown on Fig, 5, where v and s are the local freestream velocity
and diameter of the vehicle, respectively, and p 1is the mass density
of air, C. 1is a constant termed the coefficient of oscillatory lift on

a stationafry cylinder, o, F., and F, are "known'" functions of the
response frequency, , the frequency of vortex shedding, w_ and the
local vibration amplitude, u(x).

1 2 . .
2 p VvV s CL cos (ooat T a) + Fl sin ot + FZ cos wt = force/unlt length
}%
¢ k
Displacement = u{x) sin wt
Free stream ~ TN
wind direction Null / \
velocity = v - Position \ /‘
AN
.

Fig, 5 - Aerodynamic Forces

™~
t
o
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According to Ref, 3, expressions for the terms appearing in Eq, (2-31) are:

3

CL = 0,10 14 (assumed 0.10 for this analysis);
= 5 my
(Da 0.34 S ’
2o, £ w
a = tan > 5 | s where £ is the critical damping
®. - W ratio.of the first free vibrational
a mode (<< 1);
Fl = 0.27 n, (.54 r cos « ); and
FZ = 0,27 7 no(.27572' 4+ .54 r sin O ),
where
- o ux) .
no = 2 rll and
r =1+ 13

In impleménting these assumptions, the frequency and amplitude of the
tip response of the vehicle was tracked and the actual response frequency and
(local) amplitude was used to calculate « , F and F, along the vehicle. The
success of this procedure rested, of course, upon the assumption that the
response was very nearly of the simple form previously stated. The results of

the calculations verified the assumption,

For purposes of calculating generalized forces, the vehicle was divided
into four sectors, as shown on Fig, 6, Within each sector the freestream

velocity and properties were assumed constant, as were « , Fl, and Fs,

which were evaluated on the basis of the current response frequency and the

A

Bl

average amplitude within the segment, Accordingly, where the subscript j
refers to the j-th segment, the i-th element of the generalized force vector was

of the form:




LMSC/HREC D148844-1

Segment 4 i

e 7" 77 Segment 3

Segment 2

Segment 1

Wind velocity

Fig. 6 ~ Typical Subdivision of Vehicle into Segments for Purposes
of Approximating Lift Force Distributions
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M
N
©
<
[y
T
=1

where

Pj = CL cos (coat+ o )j + (F1 sin @t + FZ cos wt)j .

and where rij was the integral over the j-th segment of sGi(x)dx. The generalized

force vector was, then, of the form:

4
Q:Z PJSJ’

j=1
where ..
1j
2 1‘2.
S, = % v, J .
j 2 Py g .
( r . )
nj

2-18
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- Section 3
COMPUTER PROGRAM

A computer program was developed to implemefit the formulation

described in the preceeding section., The program is coded in Fortran IV

and configured for execution on the IBM 7094 computer with 32 K core storage

capacity, Only minor modifications would be necessary to configure the

program for execution on another computer equipped with a Fortran IV compiler,
Detailed instructions for use of the program are included in the Appendix,
3.1 PROGRAM ORGANIZATION

The OVERLAY configuration of the program is illustrated on Fig. 7,

MAIN

BLOCK DATA

INPUT SHAPES | CALC NUMINT

TES@

[ NDAMP] | DAMPI |

iFRES’EFi [ FORFCN} {GRAPH]

L

1
i
:

Fig., 7 - Overlay Configuration

(e |




LMSC/HREC D148844 -1

Functions of the principal subroutines are briefly outlined below:

BLOCK DATA: Used for input of the basic problem definition
including output options, damping information, solution
options, etc, :

INPUT: Reads the mass distribution of the vehicle and optionally
prints out initial solution information, The mass distribution
of the tower is defined by a DATA statement,

SHAPES: Reads the displacement functions used to represent vehicle
and tower motions from cards and performs some preliminary
integrations of these functions,

&
b

CALC: Constructs the matrices representing kinetic, potential, and
dissipative energies and calls the proper eigensolution routine,

NDAMP: Solves the eigenproblem if no damping was included in the
problem definition,

DAMPI: Solves the complex eigenproblem if damping was included in
problem definition,

NUMINT: Performs numerical integration of the response to ground
winds excitation,

TESTER; Tests and stores the maximum amplitude of the tip response
of the vehicle. If the amplitude varies as much as 5% from that

used to compute the forcing function, a new forcing function is
calculated,

FRCOEF: Reads forcing function definition from cards,

= FORFCN: Computes the generalized forcing function at each time
?5 increment in the integration process,

GRAPH: Optionally generates time history plots of the response at
3 specified elevations along the vehicle and tower,
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3.2 MODELING

The displacement functions used to represent vekicle and tower motions

were free vibrational undamped modal functions, Cantilever mode shapes
computed with the Lockheed/Huntsville developed tandem beam digital program,
Ref, 1, were used to represent vehicle motions, Tower motions were character-

ized by cantilever modal functions computed with the frame dynamics program

discussed in Volume II of this report,

All illustrations presented in this section were reproduced from SC 4020

plots that were automatically generated by the two programs mentioned above,

3.2.1 VEHICLE DISPLACEMENT FUNCTIONS

Figures 8 through 11 illustrate the first four cantilever modes of the
fueled Saturn 501 configuration, Figures 12 through 15 illustrate the first
Loy coantilovny waodon of the anfaeled Saluen 501 conliguraiion,

Since the vehicle properties are identical in the vehicle-tower plane
and the plane normal to it, the same functions are used to represent vehicle

motions in both direction 1 and direction 2.

For the results discussed in Section 4 all four cantilever functions were

used to represent vehicle motion.




HDm > uits Mapliw@nOOn

BODEC 43

FREQUERCY =

GEH, #a53% =1.us1x10°

[UF9-2:3 1
08

LMSC/HREC D148844-1

63

N
“

W“M‘__

o

~%.0

“Geb

Fiz, 8 -~ First Cantilever Mode of Fueled Saturn 501

RORMALTZED RELATIVE #RPLIYUDE

w

32N

@

6.6




TOmAP ) MuPpZ=DadON

LMSC/HREC D148844-1

WOEL B
PRECUIHCY =  0.00%
cEl, mass =2.0s4x10’ ™
<
teo
Lis 2
P
>
4"‘
0"..'
-
e
.'/
/?‘
&0 ‘<
il
/r
oo ]
- 1 i i () H

P \s

!

t

i
& . , )
-5.6 S8 @ 6.8 P

RORMALTZED RELATIVE awflivude

Fig. Y - Second Cantilever Mode of Fucled Saturn 501




LMSC/HREC D148844 -1

HORE L B)
FREQUEECY = 1.5¢0
GEM. HASS =5,601%10°00
-
&3
'I'
o
""'
vd
/

co /1/
<
°
o
R
B

S
€0 i
A
T
€
8 \
T
"
T
1
~ Y 1
) % i 1 i
o \
£
;
& . )
-2, ) “8.8 & <194

HORBALTZED RELATIVE ARPLITUDE

Fig, 13~ Third Cantilever Mode of Fuel-d Saturn 501

(98]
O




LMSC/HREC D148844-1

wET ¢ &)
FREGUTNSY & R.840
exB. Baes v3,.07eu16" %0
sea )
i
€2 A
c \
°
°
e
o
)
1
8 i5) \\
&
¥
€
. 1
¥
A
¥
1
(43 1 l H
-
s |
?f
{
&
£
g "gtg g Gl 4B

WORMELEZED RELATIVE AMPLITUDE

Fig, 11- Fourth Cantilever Mode of Fueled Saturn 501

[e8}
{
-3




LMSC/HREC D148844-1

WORHALTZED RELATIVE AHPLIVUDE
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3.2,2 UMBILICAL TOWER DISPLACEMENT FUNCTIONS

Figures 16, 17 and 18 illustrate the undeformed structure and the
first two modes, respectively, of the tower in directien 1 (the vehicle-tower
plane). Figures 19, 20 and 21 illustrate the direction 2 mode shapes. For
each direction, both modal functions were used in representing tower motions

to obtain the results discussed in Section 4,

3-12
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Section 4

RESULTS

Complex eigenproblem solutions and ground wind-induced responses
were generated with the computer program discussed in the previous section,
Results were computed for fueled and unfueled configurations of Saturn 501.

Eigenproblem solutions are presented in the form of Eq. (2-20) where

p = frequency,
- - - -a = damping factor,
z, = coefficient of the displacement function representing
i . . .

the i-th generalized coordinate, and

¢i = phase angle associated with the i-th generalized
coordinate,

— S N LT ‘--.,-;,-.\.,.4-,»4 A Fhha fes ey n't"‘v':n‘\cx-hﬁ (=8 o R oy »‘r‘: TENST VOO OV

R e e T ¥oL H

the program,

According to the forcing function description discussed in Section 2.5,
the most critical wind velocity for a uniform cylinder is that which creates a
vortex shedding frequency equal to the first natural frequency of the cylinder,

This velocity may be expressed as

_ ws
VE=T5dmw ¢

where

the first natural frequency of the cylinder, and

e
1

the diameter of the cylinder.

¢2]
1§

For each configuration, two solutions were computed assuming the wind

velocity to be constant over the entire vehicle. The two wind velocities were!

4-1
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(1) the velocity required to critically excite Segments 1 and 2 (see Fig, 6)
of the vehicle, and (2) the velocity required to critically excite Segment 3
of the vechicle. The critical wind velocities summarized in Table 1 were

computed using the vehicle modal properties presented in Section 3.2.1.

Table 1

CRITICAL WIND VELOCITIES FOR THE
SATURN 501 VEHICLE

Velocity 1 Velocity 2
Fueled Vehicle 11,969 m/sec 7.792 m/sec
Unfueled Vehicle 19.810 m/sec 12.898 m/sec

1% modal damping was included in each of the solutions.
The plotted response amplitudes are in meters,

4.1 FUELED VEHICLE

The following results were obtained for the fully-fueled Saturn 501,
The first four cantilever modes illustrated on Figs, 8 through 11 were used

to represent the motion of the vehicle. The modal displacement functions

illustrated on Figs. 16 through 21 were used to characterize the motion of

the tower,

Tables 2 and 3 summarize the first four damped modes of the system

in directions 1 and 2, respectively. Figures 22 through 27 illustrate the
following response solutions: '

i 4-2
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@ Response of the vehicle with damper disconnected, wind velocity
= 11.969 m/sec,

e Response of the vehicle and tower in direction 1, wind velocity

11.969 m/sec,

© Response of the vehicle and tower in direction 2, wind velocity
= 11.969 m/sec,

¢ Response of the vehicle with damper disconnected, wind velocity
= 7,792 m/sec,

i

@ Response of the vehicle and tower in direction 1, wind velocity
= 17,792 rn/sec, and

© Response of the vehicle and tower in direction 2, wind velocity
= 7.792 m/sec.

sty
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Table 2

Eigenproblem Solution, Fully Fueled Vehicle, Direction 1

LMSG/HREC D148844 -]

e

MODE 1 MODE 2
DISFPULI\?CCTEI:IC\)AI?NT Frequency = 0.3224 cps {Frequency = 0.4731 cps
Damping Factor = -,0377 Damping. Factor = -.5100
Coefficient ¢ (radians)jCoefficient | ¢ (radians)
Vehicle
First Cantilever Mode 0.26712 0.00000 0.00233 0.00000
Vehicle
Second Cantilever Mode 0.00245 -1.95508 0.00178 -2.45495
Vehicle
Third Cantilever Mode 0.00097 -1,95524 0.00062 -2.54246
Vehicle ' ;
Fourth Cantilever Mode 0.00027 1.18697 0.00017 0.58167
Tower
First Cantilever Mode 1.00000 -1.92209 1.00000 -1,17574
Trvrar i
;{;\;uauj Cd,llL:LLCVt‘ZL' wioue v :'-::-HIJ ;.1;\;1\: \_j.\:il :L:Jl j LV S By 3610 B |
MQODE 3 MODE 4
DISPLACEMENT Frequency = 0.8998 Cps Frequency = 1.5862 CcCps
FUNCTION Damping Factor = -.0977 |Damping Factor = -.1234
Coefficient |¢ (radians) jCoefficient ¢ (radians)
Vehicle
First Cantilever Mode 0.00330 0.00000 0.00056 0.00000
Vehicle
Second Cantilever Mode 0.64959 -1.74032 0.00264 -0.23038
Vehicle
Third Cantilever Mode 0.00624 -3,04780 0.49738 -1,69466
Vehicle
Fourth Cantilever Mode 0.00140 0.09208 0.001165 0.00048
Tower
First Cantilever Mode 1.00000 0.04667 0.14335 -0.02442
Tower )
Second Cantilever Mode 64663 0.10543 1.00000 0.06627

HY
i
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Table 3

Eigenproblem Solution, Fully Fueled Vehicle, Direction 2

i

DISPLACEMENT MODE 1 MODE 2
FUNCTION Frequency = 0.3226 cps |Frequency = 0.,4338 cps
Damping Factor = - 0357 |Damping Factor = -,5]87
Coefficient ¢ (radians) |Coefficient ¢ (radians)
Vehicle .
First Cantilever Mode 0.23936 0.00000 0.00333 0.00000
Vehicle
Second Cantilever Mode| 0.00208 -2.09375 0.00184 -2.32598
Vehicle
Third Cantilever Mode 0,00082 -2.,09380 0.00067 -2.40166
Vehicle =
Fourth Cantilever Mode| 0.00023 1,04846 0.00018 0.72404
Tower
First Cantilever Mode 1.00000 -2.05103 1.00000 - -1.05328
Tower
Second Cantilever Mode | 0,15571 1.05143 0.12551 0.73195
DISPLACEMENT MODE 3 MODE 4
FUNCTION Frequency = 0.8999 Frequency = 1,5862
Damping Factor = -,0980 |Damping Factor = -,1234
Coefficient ¢ (radians) |[Coefficient é (radians)
Vehicle
First Cantilever Mode 0.00331 0.00000 0.00053 0.00000
Vehicle
Second Cantilever Mode | 0.64917 -1.72614 0.00250 -0.23033
Vehicle
Third Cantilever Mode 0.00625 -3.04760 0.47045 -1.69134
Vehicle
Fourth Cantilever Mode | 0.00140 0.09220 0.00110 0.00038
Tower
First Cantilever Mode 0.80368 0.04944 0.11365 -0.02404
Tower
Second Cantilever Mode 1,00000 0.10279 1.00000 0.03470

"y
t
(3}
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Figure 23 - Direction 1 Response, Fueled
Saturn 501 Vehicle, Wind
Velocity = 11.97 m/sec.
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Figure 27 - Direction 2 Response, Fueled
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4.2 UNFUELED VEHICLE

The following results were obtained for the unfueled Saturn 501 vehicle.
The first four cantilever modes illustrated on Figs, 12«4hrough 15 were used
to represent vehicle motion. Tower motion was characterized by the mode

shapes shown on Figs. 16 through 21,

Tables 4 and 5 summarize the first four damped modes of the system
in directions 1 and 2, respectively, Figures 28 through 33 illustrate the

following response solutions:

© Response of the vehicle with damper disconnected, wind velocity
19.810 m/sec,

e Response of the vehicle and tower in direction 1, wind velocity
19.810 m/sec,

e Response of the vehicle and tower in direction 2, wind velocity
19.810 m/sec,

e Response of the vehicle with damper disconnected, wind velocity
12.898 7'""‘/‘29"1

i

1]

H

¢ Response of the vehicle and tower in direction 1, wind velocity
12.898 m/sec, and

e Response of the vehicle and tower in direction 2, wind velocity
12.898 m/sec.




Table 4
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Eigenproblem Seolution, Unfueled Vehicle, Direction 1

£

0.56358

1.00600

. MODE 1 MODE 2
DI?E’%{'\CEMLNT Frequency = 0.4775 cps [Frequency = 0.5262 cps
FUNCTION Damping Factor = - 5634 jDamping Factor = - 0448
Coefficient | ¢ (radians) [Coefficient ¢ (radians)
Vehicle
First Cantilever Mode 0.01384 0.00000 0,12121 0.00000
Vehicle
Second Cantilever Mode 0.00052 -0,89484 0.00029 -0.37131
 Vehicle ,
Third Cantilever Mode 0,00031 2.23265 0.00017 2.77062
Vehicle
Fourth Cantilever Mode 0.00006 2.22657 0.00003 2.77352
Tower
First Cantilever Mode 1.00000 0.52620 1.00000 2.60464
: lower
Second Cantilever Mode 0,07905 2.25134 0.04334 2.77645
DISPLACEMENT MODE 3 : M~OD_E 4
FUNCTION Frequency = 1.8368 cps |[Frequency = 1.8694 cps
: Damping Factor = -,1285 [Damping Factor = -, 0748
Coefficient ¢ (radians) |Coefficient ¢ (radians).
Vehicle
First Cantilever Mode 0.00026 0.00000 0.060003 0.00000
Vehicle .
Second Cantilever Mode 0.11958 -1.57794 0.00071 0.41799
Vehicle
Third Cantilever Mode 0.00029 0.01216 0.00003 -0.02036
Vehicle
Fourth Cantilever Mode 0.00004 0.01348 0.00000 ~0,00797
Tower
First Cantilever Mode 0,01536 -0,00520 0.00152 -0,00601
Tower
Second Cantilever Mode 1.00000

1,42059

ey
H

—

[




Table 5
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Eigenproblem Solution, Unfueled Vehicle, Direction 2

.

DISPLLACEMENT MOD E 14 o . MOI{E 2 5252
FUNCTION Frequency = 0.4395 cps Frequency = 0.
' Damping Factor = -.5475 |Damping Factor = -,0667
Coefficient | ¢ {(radians) |Coefficient ¢ (radians)
Vehicle )
First Cantilever Mode 0.01230 0.00000 0.17454 0.00000
Vehicle
Second Cantilever Mode 0.00054 0.62618 0.00058 -0.68235
Vehicle
Third Cantilever Mode 0.00032 -2.50603 0.00034 2,45917
Vehicle
Fourth Cantilever Mode 0.00007 -2,50068 0,00007 2.46099
Tower
First Cantilever Mode 1.00000 -0.79752 1,00000 2.3234¢
Tower
Second Cantilever Mode 0.13365 -2,51738 0.14276 2.46455
MODE 3 » MODE 4
DISE?[?IG\ST?II\(/)II%NT Frequency = 1.83664 cps |Frequency = 2,1133 cps
Damping Factor = - 1277 |Damping Factor = -, 0605
Coefficient ¢ (radians) [Coefficient ¢ (radians)
Vehicle
First Cantilever Mode 0.00092 0.00000 0.06003 0.00000
Vehicle
Second Cantilever Mode 0.45692 -1,63332 0.00011 0.03818
Vehicle
Third Cantilever Mode 0.00105 0.01084 0.00:005 -0.01750
Vehicle
Fourth Cantilever Mode 0.00015 0.01220 0.08001 -0.00339
Tower
First Cantilever Mode 0.04668 ~0.00480 0.06:129 -0.00514
Tower
Second Cuntilever Meode 1.00000 0. 08464 1.0G000 1.478372
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Figure 29 - Direction | Response, Unfucled
Saturn 501 Vehicle, Wind
Velocity = 19.81 m/scc.
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Figure 30 - Direction 2 Response, Un-
fueled Saturn 501 Vehicle,
- Wind Velocity = 19.81 m/sec.




VEHICLE RESPOHSE

HAETHUR AMPLITUDE =

TOMER RESPOMSE -+ v ve-

MAXIHUR AHMPLITUDE =

VEHICLE RESPONSE

MAXIMUM AMPLITUDE =

TOMER RESPONSE + - -«

KAXIHUM AMPLITWODE =

VEHICLE PRESPONSE

HAXIHUR AMPLITUDE =

TWER RESPONSE - - - .-

HAXTRUM AMPLITUDE =

POSITIVE BE$PONSE

6.s¢ecex10 !

TIKE IH  SECOHDS }»

o.ooooxic*®??

KEGATIVE REGPONSE

POSITIVE RESPOHSE

7.3328310” 0t

TIME IN  SECONDS

v.ooooxiot®l

HEGATIVE RESPOMNSE

POSITIVE RESPONSE

£.0118x10 O}

TIHE 1M SECOUD S F~% 5,8

6.0000x10 0°

HECATIVE REePOMeE

A
'

...T“ 2

-

\

RESPONSE

A

T

ELEVATION

9s.21¢

KESPOHMSE

A

1

ELEVATI]OHW

68 .0060



LMSC/HREC D146844-1

v

|
i

U
& &

|
}X’f{w';» PRI W W

it 58 ®
@ )
® ©
@ @
3 ®
o ©
® ®
°
$ t/@.
— R s
S T— P
,,,,, -t w =
!\W\\. l/ et

g\/ 7
A
|
¥
A1 e

1
L-ETN N ) PR RNON [ 3
IR e Lo dheg the el sir
I TREARE SRR 1 { I 1
H h
vs s

) e Y 7 1
A S St S P e =
PN w
T e
':.le.wsr.'
b4
it < i
£ A -
S .
+
5 ne— ] 143

Wind

connected,
/sec.

501 Unfueled Configuration,

Velocity = 12.90 m

Damper Disg

Figure 31 - Response in Meters of Saturn




VEMICLE REQPOHGE

HAXINUN AMPLITUDE = 1.g00ex10 °F

TIHE 1 cEcouds

TOWER RESPOMHSE ++v-rvvenv.s
o

HAXIKUK AHPLITUDE = ©.8€BEXE0

NEGATIVE RESPOMBE
RESPOMNSE AT ELEVATION o3,

POSITIVE RESSOUBE

VEMICLE RESPOHSE

HAXTHUKM AKPLITUDE = 1.066ox10” 0t

TIME IR SECOEDE

TOWER RESPOKHSE v vceevenns

s.95tor1n O8

"

MAXIHUK ANPLITUDE

1

REGATIVE RE28POHgE
R ESPONSE AT ELEVYATIOK 2%.2

POITYIVE RESPONGE

VEHICLE RE3POMEE

HAXIMUR AHPLITUDE = s.2308x10 %8

TIKE 18 sEcounsg

TORER REGPOKBE v vvvvnvnn

HANTHUM AHPLITUDE = B.essaxse °F

Bge 2
EEATIVE RUgEemoE RESPORGSE AT ELEVET OR8¢



6¢.680

ceeeco

ceceec

eeBE6S

LMSC/HREC D148844 -1

Figure 32 - Direction | Responses Un-
{ueled Saturn 501 Vehicle,
Wind Velocity = 12.90 m/sec.
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Section 5 -
CONCLUSIONS

As a check of the ground wind-induced response analysis, a comparison
was made with extrapolated wind tunnel test results reported in Ref, 4, According

to Ref. 4 the tip response of a fueled Saturn 504 vehicle (first cantilever frequency

= ,276 cps) exposed to a ground wind of 11.97 m/sec is ,172 meters, The steady
e state tip response of the fully-fueled Saturn 501 (first cantilever frequency = .321 cps)
with the damper disconnected and exposed to a ground wind of 11,97 m/sec was

computed by the program to be .218 meters, The difference in response amplitudes

is attributed to the physical differences between the two vehicle configurations.

The effect of the dashpot system on the ground wind-induced response of a
particular vehicle can be ascertained from the results presented in Section 4. In

£ the cace of tha nnfuelsd vehinls cwncced *o o rround wind of 12,812 4 /

THDTILDODD LD 4 Rl e s Fiw dlif Lo, v wans
T

response with the damper connected was 78% less than that with the damper dis-

connected, This effect was typical among all response results,




s

LMSC/HREC D148844 -1

Section 6 -
REFERENCES

Whetstone, W, D, and M, L, Pearson, "Vibrational Characteristics of
Large Complex Space Vehicles, LMSC/HREC AT83589, Lockheed Missiles
& Space Company, Huntsville, Ala,, 20 December 1966,

Whetstone, W, D,, "Computer Analysis of Large Linear Space Frames,"
LMSC/HREC A791019, Lockheed Missiles & Space Company, Huntsville,
Ala,, April 1968,

Rattayya, J. V. and L, P. Scott, "On Aerodynarnic Excitation and Peak

—-Response of Typical Structures Exposed to Ground Winds, " LMSC/HREC

A768391O, Lockheed Missiles & Space Company, Huntsville, Ala,, February
1967,

Marshall Space Flight Center Memorandum No. R-AERO-AU-68-63,
27 November 1968,




LMSC/HREC D148844-1

APPENDIX

&3




LMSC/HREC D148844-1

INPUT INSTRUCTIONS FOR THE GROUND WINDS EXCITATION ANALYSIS OF THE
SATURN V - LAUNCHER UMBILICAL TOWER IN COMBINATIONS

TABLE OF CONTENTS

SECTION
1 GENERAL INSTRUCTIONS
2 VEHICLE MASS DISTRIBUTION
3 INITIAL DISPLACEMENTS AND VELOCITIES
4 ’ VEHICLE DISPLACEMENT FUNCTIONS
5 TOWER DISPLACEMENT FUNCTIONS
6 GROUND WINDS DATA

7 BLOCK DATA

A

LT




LMSGC/HREC D148844-1

GENERAL INSTRUCTIONS SECTION 1

THE INPUT DATA SEQUENCE IS5 OUTLINED BELOW FOR THE. DIRECTION=1 AND
DIRECTION=2 SOLUTIONS TO A GIVEN CONFIGURATIONe BY STACKING DATA
DECKS SEQUENTIALLYs ANY NUMBER OF CONFIGURATIONS MAY BE SOLVED

IN A SINGLE EXECUTION,

As BLOCK DATA INPUT
SEE SECTION 7 FOR DETAILS
VARIOUS INRPUT QUTPUT AND SOLUTION ORPTIONS ARE DEFINED IN
BLOCK DATAe THESE VALUES MUST BE CONSISTENT AMONG ALL
CONFIGURATIONS SOLVED DURING THIS EXECUTION

THE FOLLOWING DATA IS STACKED SEQUENTIALLY FOR MULTIPLE SOLUTIONSe

Be VEHICLE MASS DISTRIBUTION
SEE SECTION 2 FOR DETAILS

THE DATA DEFINED BELOW IN C THRU F 1S READ IN FOR DIRECTIONS 1 AND 2
FOR EACH CONFYIGURATIOMN.

Ce INITIAL DISPLACEMENTS AND VELOCITIES FOR GROUND WINDS RESPGNSE
SEE SECTION 3 FOR DETAILS

De DISPLACEMENT FUNCTIONS USED TO REPRESENT VEHECLEFMOTION
SEE SECTION 4 FOR DETAILS

Ee DISPLACEMENT FUNCTIONS USED TO REPRESENT TOWER MOTION
SEE SECTION 5 FOR DETAILS

Fe FORCINCG FUNCTION DESCRIPTION FOR GROUND WINDS RESPONSE
SEE SECTION 6 FOR DETAILS
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VEHICLE MASS DISTRIBUTION SECTION 2

THE MASS OF THE VEHICLE IS DEFINED AT EACH VEHICLE STATION
LIST= (VEMASS(I1)elI=1eNS1)

FORMAT(4E18.8)

NS1 IS THE TOTAL NUMBER OF VEHICLE STATIONS. ITS VALUE IS SET IN

BLOCK DATA (SECTION 7je VEMASS(1) IS THE MASS PE
165 R UNIT LENGTH
THE VEHICLE AT STATION le - or

INITIAL DISPLACEMENTS AND VELOCITIES SECTION 3

THIS DATA 1S USED ONLY FOR THE NUMERICAL INTEGRATION SOLUTION OF
THE GROUND WINDS RESPONSEe THEREFOREe IF SOLTYP=1 NO CARDS APPEAR
FOR THIS DATAo. SOLTYP IS DEFINED IN BLOCK DATA (SECTION 7)e

LIST= (INTALQ}I)olNTALV(I)eI=loNVEH)o(INTALQ(J)qINTALV(J)@JSLvNTOW)

FORMAT(6E1265)

NVEH AND NTOW ARE THE NUMBER OF GENERALIZED FUNCTIONS USED 70O
REPRESENT THE MOTIONS OF THE VEHICLE AND TOWERe. RESPECTIVELYe
THESE VALUES ARE DEFINED AS PART OF THE ARRAYs OPTION: IN BLOCK
en DATA (SECTION 7)o INTALQ(KI AND INTALV(K) ARE THE INITIAL VALUES
- OF THE COEFFICIENT OF THE KTH GENERALIZED COORDINATE AND THE FIRST
DERIVATIVE OF THAT COEFFICIENT WITH RESPECT TO TIME. RESPECTIVELYs
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VEHICLE DISPLACEMENT FUNCTIONS SECTION &

L d

THE FOLLOWING DATA IS READ IN SEQUENTIALLY FOR EACH GENERALIZED.
FUNCTION REPRESENTING VEHICLE MOTION.

LIST= FREQUENCY

FORMAT(E12s5)

IF THE FUNCTION IS A MODE SHAPE THE FREQUENCY IS READ IN AS RAD/SEC
IF THE FUNCTION IS A STATIC DISPLACEMENT FUNCTIONe: LET FREQUENCY=Qo

LIST= (VEHY(I)eI=1eNSy)

_FORMAT(6E12¢5)

CVEHY (D) 1S THE DISPLACEMENT OF STATION lo NSI IS DEFINED IN BLOCK
DATA (SECTION 7)e VEHRY(1l) REFERS TO THE LOWERMOST STATIONe

IF FREQUENCY=0,0 THE FUNCTION IS ASSUMED TO BE THE RESULT OF A
STATIC LOADING FUNCTION WHICH IS READ IN NEXTs IF FREQUENCYeGTeOo
THE FOLLOWING DATA IS NOT READ INe

= LIST= (FORCY{IYelI=]eNS1)

FORMAT(6EL1Z2:5)

FORCY(I} IS THE LATERAL POINT FORCE AT STATION Ie

TOWER DISPLACEMENT FUNCTIONS SECTION 8

ALL TOWER FREQUENCIES ARE READ IN TOGETHERe

LIST= (FREQUENCY(I)sl=1sNTOW)

FORMAT(BEL2:6)

IF THE ITH GENERALIZED FUNCTION IS A VIBRATIONAL MODEs FREQUENCY (1)
IS ITS FREQUENCY IN RAD/SECe OTHERWISE LET FREQUENCY(1)=0e0c  MNTOW

IS THE TOTAL NUNMBER OF TOWER FUNCTIONS USED.

A <




LMSC/HREC D148844-1

THE FOLLOWING DATA IS READ IN SEQUENTIALLY FOR EACH GENERALIZED
FUNCTION REPRESENTING TOWER MOTIONe

LIST= (TOWY(I)eI=1¢18)

FORMAT(BEL1 266)

TOWY (1) IS THE DISPLACEMENT OF STATION 1. TOWY(i) REFERS TO THE
FIRST FLOOR .ABOVE THE ILAUNCHERe [EACH TOWER STATION REFERS TO A

FLOOR

IF THE FREQUENCY OF THIS FUNCTION IS 0e0e¢ THE FUNCTION IS ASSUMED
TO BE THE RESULT OF A STATIC LOADING FUNCTION WHICH IS READ IN
NEXT o IF FREQUENCYeGTe0eO THE FOLLOWING DATA IS NOT READ INe

L.1ST= (FORCT(I)s1I=1e¢19)
FORMAT(6E12¢6)
FORCT(I) IS THE LATERAL POINT FORCE AT STATION 1.

ENERGY TERMS ARE NOW READ IN FOR EACH GENERALIZED TOWER FUNCTION
AS FOLLOWSe: THE FOLLOWING 2 CARDS ARE READ FOR EACH FUNCTIONe

LIST=s (KEC(IFCNeI)e¢I=1 oNFCN)

FORMAT(SEI12e8)

KE(I+J) IS THE COEFFICIENT PLACED IN THE ITH ROW AND JTH COLUMN OF
THE MATRIX REPRESENTING TOWER KINETIC ENERGYe NFCN IS THE TOTAL
NUMBER OF FUNCTIONS USED TO REPRESENT TOWER MOTIONe NFCN 1S
DEFINED IN BLOCK DATA; SECTION 7s A SIMILIAR CARD REPRESENTING
POTENTIAL ENERGY IS READ NEXT AS FOLLOWS

LIST= (PE(IFCNeI)Yelol¢NFCN)

FORMAT(SEIZ.8)
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GROUND WiINDS DATA SECTION 6

THIS DATA IS USED ONLY FOR THE NUMERICAL INTEGRATION SOLUTION OF
THE GROUND WINDS RESPONSEe THEREFORE. IF SOLTYP=1 NO CARDS APPEAR
FOR THIS DATA. SOLTYR IS DEFINED IN BLOCK DATA (SECTION T)e

THE FOLLOWING DATA IS USED TO DEFINE THE FORCING FUNCTIONe THIS
FUNCTION IS ASSUMED TO BE NORMAL TO THE ACTUAL WIND DIRECTIONe

I.LI1ST= NSEG
FORMAT(IS)

NSEG IS THE NUMBER OF SEGMENTS INTO WHICH THE VEHICLE IS DIVIDED
TO MODEL THE FORCING FUNCTIONe

LIST= (LENGTH(I)«DIA(I)oVEL{LI)¢I=]1eNSEG)
FORMAT(3E128)

LENGTH(I)= LENGTH OF SEGMENT 1

DIA(I )= DIAMETER OF SEGMENT I
VEL(I)= WIND VELOCITY ACTING ON SEGMENT I
R R S S B LI T T PR V158 iGN g g g

FORMAT(4E12.8)

CL= COEFFICIENT OF OSCILLATORY LIFTe IT VARIES BETWEEN 010 AND 0.14
OMEGA= ASSUMED RESPONSE FREQUENCY OF THE VEHICLES IT SKHOULD BE VERY
NEARLY EQUAL TO THE FIRST NATURAL VEHICLE CANTILEVERED

FREQWENCY o ITs UNITS ARE RAD/SECe

RHO= MASS DENSITY OF AlRe

XZEE= THE CRITICAL DAMPING RATIO OF THE FIRST FREE VIBRATIONAL
VEHICLE MODEe THE CRITICAL DAMPING CONSTANT OF A GIVEN MODE
15 2,0%¥SQRT(GM#*#GS) WHERE GM AND GS ARE THE MODAL GENERALIZED
MASS AND STIFFNESSe RESPECTIVELYe DIVIDING THE TOTAL
STRUCTURAL DAMPING BY THIS VALUE GIVES XZEEe

A-b
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BLOCK DATA . SECTION 7

THE FOLLOWING DATA 1S INPUT AS BLOCK DATA

DATA(NAME (1) eI=lel2)/6HWIEL «OHW12 «6HW21 sOHW22 s 6HULL
16HUL2 eSHUZ 1 1 6HUZ22 ¢ GHSTRN=1 s 6HSTRN=Z2¢6HTWR=1 «6HTWR~2 7/

NAME 1S AN ARRAY USED TO LABEL PORTIONS OF COUTRPUT

8 NS17421/7 « NS2/718/ e NST/4483/ «

NSI=NUMBER OF VEHICLE STATIONSe NSZ2Z=NUMBER OF TOWER STATIONS
NST IS A CONSTANT 443 AND REPRESENTS THE NUMBER OF STATIONS
REQUIRED TO DESCRIBE A FREE-FREE VEHICLE

QIOPTION(I)sI=1412)/40204s2¢19l¢ Qele4%0/

OPTION VALUE MEANING

N VEHICLE BENDING MODES IN DIRECTION 1
N TOWER BENDING MODES IN DIRECTION 1

N VEHICLE BENDING MODES IN DIRECTION 2
N TOWER BEWDING MODES IN DIRECTION 1

E W5 N 011 = - SR O | ViU RS R BTN P UaRSTAR T R AT
A«BeAND C MATRICES ARE NOT PRINTED OUT
MODE SHAPES ARE NOT PRINTED OQUT
RESPONSE WILL NOT BE PLOTTED BY 4020
MASS AND INERTIA ARRAYS ARE NOT PRINTED OUT
10 THIS OPTION. IS NOT USED

TORSION IS NOT INCLUDED

DAMPING FRAME STIFFNESS IS NOT INCLUDED

- EARNES

ooooCclzZz2z22zZ7Z

v
O 0

IF OPTIONS 5 THRU 12 ARE NOT EQUAL TO ZERO THE INTERPRETATION IS
OPPOSITE TO THAT OF THE ABOVE MEANING

DATA L1eL2 /1085,0:115,.,82438/

LI1=LLENGTH OF VEHICLEs L2=LENGTH OF TOWER

DATA XHeCD1:+CD2/99:21633¢060:000/

XH=ELEVATION OF DAMPER LOCATION: CD1 AND CD2 = DAMPING CONSTANTS
IN DIRECTIONS 1 AND 2, RESPECTIVELY

OATA INDI+(XZEE(I)eI=21¢5)/ 16¢0601906016060160:010:0 /

I&DX = O INDICATES WO MODAL DAMPING FOR THE VEHICLE
XIEE (LY = MODAL DAMPING COSFFICIENT OF VEHICLE MODRE !

¢
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DATA STIFKLI/ $2:0E+08 / ¢ STIFKZ/ +1T7SE4H06 /7

STIFKL AND STIFKZ=DAMPING FRAME STIFFNESS IN DIRECTIONS 1 AND 2«
RESPECTIVELY

DATA NTORQ ~/ O v
NTORQ=NUMBER OF TORSIONAL MODES INCLUDED

DATA ((PHI(I+Jd)1eJ=1¢18)el=1e3)e(GI(I)el=1351B8)YeRMO(I)eIx]elB)eNSTAQ
#r/90%0,0+ 18/

PHI DEFINES UP TO 3 TORSIONAL DISPLACEMENT FUNCTIONS

GJ(1)= TORSIONAL STIFFNESS OF THE ITH FLOOR

RHO(I)= MASS MOMENT OF INERTIA OF FLOOR |

NSTAQ= NUMBER OF STATIONS (FLOORS) USED TO DEFINE TORSIONAL FCNSe

DATA NeDELTACINCTOT 7/ 8¢0405¢1800 /

THIS DATA 1S USED IN THE NUMERICAL INTEGRATION SOLUTION OF THE
FORCED RESPONSE

N=NUMBER OF TERMS USED FOR SERIES CONVERGENCEs DELTA=TIME
INCREMENTe INCTOT=TOTAL NUMBER OR INCREMENTS DESIRED

M A INDECUe AL ILUCLE T [“il00) /2U00DsUEeTY oo 1lDelUDeUs

o atmste BB M ol i

THIS DATA DEFINES THE PLOTTED OUTPUT OF THE FORCED RESPONSE
NSEC=NUMBER OF SECONDS FPER PAGE OF PLOTs PLTLOC(I)SELEVATION OF
"POINTS FOR WHICH RESPONSE PLOTS ARE DESIREDs 1=3

DATA SOLTYP / 3 /

SOLTYP=1 FOR EIGENVALUE SOLUTION ONLY
=2 FOR NUMERICAL SOLUTION ONLY
=3 FOR BOTH SOLUTIONS






